under normal metabolic conditions. We further show
Introduction channel assembly, we have studied the assembly-dependent trafficking of ATP-sensitive K ϩ channels (K ATP ). K ATP Ion channels form the basis of electrical excitability, channels respond to intracellular ATP and ADP levels contribute to ionic homeostasis, and control neurotransand couple the metabolic state of the cell to membrane mission and hormone secretion (Hille, 1992). Most ion excitability (Dunne and Petersen, 1986). K ATP channels channels are multimeric protein complexes containing are important in many tissues and regulate insulin secreone or more pore-forming ␣ subunits and, in many tion in the pancreas, control vascular tone, protect neucases, additional regulatory ␤ subunits. Coassembly rons and muscles from ischemia, and are responsive to among different ␣ subunits and further interaction with leptin (Ashcroft and the cell surface, quality control mechanisms must exist Trimmer, 1998; Wilson et al., 1998). Similarly, some G to prevent monomers and partial complexes from exprotein receptors and transporters also require addipressing on the cell surface. Surprisingly, we find that tional subunits for surface expression (Geering, 1990 ; the rate-limiting quality control mechanism during K ATP McLatchie et al., 1998; White et al., 1998).
assembly does not involve degradation or ER foldingWhile it is clear that only some combinations of ion chaperones but rather the exposure of a novel ER retenchannel subunits are present on the cell surface, the tion/retrieval signal present in each subunit. Mutating the retention sequences allows surface expression of monomers and partially assembled complexes, includ-that the new trafficking sequence functions as an ER retention/retrieval signal in a variety of eukaryotic cells, including yeast, mammalian cells, and Xenopus oocytes. We conclude that quality control during K ATP assembly is mediated by a short trafficking signal whose exposure reflects the assembly state of the channel.
Results

Kir6.1/2 and SUR1 Require Coexpression for Plasma Membrane Expression
To study how assembly affects the surface targeting of K ATP subunits, we measured plasma membrane protein levels. To do this, we inserted hemagglutinin (HA) epitopes into extracellular loops of Kir6.1, Kir6.2, and SUR1. We also introduced extra residues into the region of Kir6.2 between M1 and the HA tag (6.2-11HA) to ensure that the epitope was accessible when assembled with SUR1. When expressed in Xenopus oocytes after metabolic inhibition, HA-tagged subunits exhibited K ϩ -selective currents similar to those observed for wild-type channel subunits (data not shown). Because most ion channels are expressed at relatively low levels on the cell surface, we developed an assay to measure surface protein that combines enzyme amplification with the sensitivity and linearity of analytical luminometry. Exposed HA epitopes on the surface of intact oocytes were labeled with a monoclonal antibody to HA, then with a horseradish peroxidase-(HRP-) conjugated secondary antibody. Antibody bound to the cell surface of intact oocytes was quantitated by luminometer measurement of single oocyte chemiluminescence. Using this assay, we first tested whether coexpression alters surface protein levels. In the absence of SUR1, the surface labeling for Kir6.1HA or Kir6.2-11HA was not significantly different from that of uninjected oocytes ( Figure 1A) . However, when Kir6.1HA or Kir6.2-11HA was coexpressed with SUR1, surface signals were in- Figure 3B) . Indeed, the level moving 20 but not 18 residues resulted in channels that of surface expression was similar to that observed when exhibited azide-induced currents and surface labeling SUR1HA was coexpressed with Kir6.1 or Kir6.2 and was ( Figure 2B [b] Figure 2B [c] ). However, Retention/Retrieval Signal when these residues were replaced with alanines, the We next addressed whether the RKR sequence can prechannel did not appear on the plasma membrane, pervent surface expression of proteins that normally traffic haps indicating that a flexible linker is needed to expose to the cell surface. First, we transferred the last 36 amino the LRKR sequence. Next, we tested the effect of single acids of Kir6.2 to either the N or C terminus of another or double alanine mutations in LRKR. Alanine substituinwardly rectifying K ϩ channel, Kir2.1 (IRK1), that differs tion at any of the three basic residues resulted in surface from Kir6.2 in its ability to traffick to the cell surface expression ( Figure 2B [c]). Substituting arginines with without ␤ subunits. The addition of these amino acids lysines resulted in surface expression, but the reverse greatly reduced both surface expression and currents substitution had no effect ( Figure 2B [d] ). When different ( Figure 4A ). Mutating the RKR completely reversed the amino acids (alanine, histidine, asparagine, glutamine, effect. After 5-6 days, oocytes expressing Kir2.1HA Cϩ36 arginine, tryptophan, isoleucine, and glutamic acid) were showed small strongly rectifying currents ( Figure 4B ). used to replace the middle lysine, only alanine, asparaThe ratio of current to surface protein was similar to gine, and glutamate substitution resulted in surface exwild-type Kir2.1 (data not shown), indicating that the pression ( Figure 2B Figure 4D ). In control experiments, transfection effiserine with alanine had no effect on surface expression ciency was similar for both constructs as determined ( Figure 2B Figure 6A ). The magnitude of the effect was consistent with the theoretical predicWe conclude that Kir6.2 channels form tetramers in the absence of SUR and that the presence of the RKR setion for the effect of a dominant-negative subunit in a tetramer (solid line in Figure 6A) (Figures 7B and 7C ). This result indicates that partial complexes do not traffick to the cell surface, as we found for the triple fusion ( Figure  6C ). In contrast, when the A-A fusion is coexpressed with Kir6.2⌬36, the complexes are on the cell surface at levels that are 200-fold higher than the background signal or the surface signal for R-R coexpressed with Kir6.2 (Figures 7B and 7C ). This result indicates that removing the RKR sequence from both SUR1 and Kir6.2 allows partial complexes to express on the plasma membrane.
How might the RKR motifs prevent the surface expression of partial complexes? Since Kir6.2⌬36 blocked surface expression of R-R or R-A, and Kir6.2 blocked surface expression of A-A ( Figures 7B and 7C) , it is unlikely that mutating the RKR sequences impairs the assembly of fusion and free subunits. Furthermore, these results suggest that the RKR sequence on either SUR1 or Kir6.2 can independently block surface expression of partial complexes, most likely by retaining or retrieving the partial complexes early in the secretory pathway. It also follows that the RKR motif in SUR1 cannot be hidden by interactions with Kir6.2, since coexpression of Kir6.2⌬36 completely blocks surface expression of the R-A fusion, while A-A coexpressed with Kir6.2⌬36 is present on the plasma membrane ( Figure 7C ). Low levels of surface expression (5% of control) were detectable for A-A coexpressed with Kir6.2, but surface expression was never observed for R-R with coexpressed Kir6.2⌬36, indicating that the RKR motif in SUR1 may affect the trafficking of partial complexes more strongly than the RKR motif in Kir6.2. It should be noted that Kir6.2⌬36 reduced surface expression of the A-A fusion by 50% (Figures 7B and 7C ). This effect could arise from nonspecific effects of coexpression or may indicate that other especially at lower RNA concentrations ( Figure 7D ). These results suggest that the RKR motif in SUR1 but not in Kir6.2 is partially exposed in the fully assembled Figure 7A . By coinjecting various concentrations of unoctamer. fused Kir6.2 or Kir6.2⌬36 RNA with a constant concenFinally, we examined the functional properties of chantration of RNA for the fusion protein, we created a continnels that arise from coexpressing ␣ and ␤ subunits that uum of partially assembled complexes, and by injecting different combinations of fusion and free subunits, we both lacked the ER retention/retrieval signal. ures 1A and 1B) . We show that a simple three amino acid trafficking sequence (RKR) is responsible for preventing the surface expression of Kir6.2 tetramers and SUR1 monomers. This finding explains why C-terminal truncations of Kir6.2 lead to the observation of SUR-independent Since it has been reported that K ATP is preferentially the plasma membrane (Figures 4 and 5) . Furthermore, located on the basolateral surface of some epithelial our finding that the RKR sequence functions in yeast, tissues (Tsuchiya et al., 1992), the dileucine signal could Xenopus oocytes, and mammalian cells suggests that also be involved in the polarized trafficking of K ATP . Furthe RKR motif is recognized by general eukaryotic trafther experiments will be needed to determine whether ficking machinery. these trafficking signals have additional roles in the regAlthough the ER retention/retrieval sequence we have ulation of K ATP function. identified is composed of basic residues, it clearly differs One of the most surprising findings in our study is that from KKXX in both specific amino acid requirements and individual K ATP subunits were not sufficiently unfolded its lack of dependence on proximity to the C terminus. It to cause strong retention by ER resident chaperones. has been reported that alternatively spliced transcripts Removal of a short, discrete trafficking signal allowed of major histocompatibility complex ( cytometer (Becton-Dickinson). Viability was assessed with propidium iodide (1 g/ml).
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